Different reducing agents (B, Al, Si and Ti) were individually added to two gypsum-bonded investments to prepare investments preventing surface blackening of some noble cast alloys. The effect of different additive contents on green-body and burnout compressive strength, setting and thermal expansion of the investments were evaluated.
INTRODUCTION
Some noble alloys, especially 12%Au-20%Pd silverbased alloys frequently show blackening of their surfaces after the casting process using gypsum-bonded investments.
In our previous study1), investments that can prevent surface blackening of these alloys were developed by adding reducing agents such as boron, aluminum, silicon and titanium particles to a commercially available gypsum-bonded investment. Color analysis of the surface showed that either aluminum or boron particle was effective in preventing surface blackening of cast 12 %Au-20 %Pd silver-based alloy.
The same effect was also found on Type 4 gold alloys in another study2).
However, the inclusion of these additives in the investments may influence the strength of the investments. Moreover, these additives can react with oxygen during the burnout heating procedures, which may cause excessive expansion of the casting molds and subsequently compromise the precision of the resulted castings. Thus, the objectives of the present study were to investigate the effects of the additives and their different contents on the compressive strength, and the setting and thermal expansion of the gypsum-bonded investments.
MATERIALS AND METHODS

Preparation
of the experimental investments The reducing agents and the commercially available gypsum-bonded investments used in this study are Table 1 The reducing agents and the gypsum-bonded investments used in this study *H.C . Starck GmbH & Co., KG, Goslar, Germany **Minalco Co ., Ltd., Osaka, Japan +Hirano Seizaemon Shoten Co ., Tokyo, Japan ++Sumitomo Sitix of Amagasaki , Inc., Amagasaki, Japan 1GC Corp ., Tokyo, Japan 2Mutsumi plaster industries , Mie. Japan listed in Table 1 . The experimental investments were prepared by individually adding these reducing agents to the commercial investments.
The contents of B particles in the investment powder were 0.125, 0.25, 0.50 and 1.00mass%, and those of Si, Al and Ti particles were 5, 10 and 15mass%.
The experimental investment powder was prepared from blending the reducing agent and the commercially available investment powder by hand. A totally of 26 experimental investments were prepared.
The original investments without any reducing additive were also evaluated as controls.
Measurement of the compressive strength The experimental investment was manually mixed for Table 2 Compressive strength and linear expansion of CB and NC investments (SD in parentheses) 15 sec, followed by vacuum mixing for 45 sec using a vacuum mixing machine (J. Morita Tokyo MFG Corp., Tokyo, Japan) at a water/powder ratio of 0.33.
For the compressive testing, 10 cylindrical specimens (diameter: 30 mm, height: 40 mm) were made for each of the 26 investments (test conditions) using a stainless steel mold (B-004-2, Japan Mecc Co. Ltd., Tokyo, Japan) . The specimens were removed from the molds 30 min after the start of the mixing.
The green-body compressive strength of the investment was measured two hours after the start of the mixing using a universal testing machine (Shimadzu Seisakusho Ltd., Kyoto, Japan) at a crosshead speed of 2 mm/min, and five specimens were tested for each of the 26 test conditions. The other five specimens were heated in a furnace from room temperature to 700t at a heating rate of 5t/min, with 15 min hold period at 700t, followed by furnace cooling to room temperature. The burnout compressive strength was then measured using the same procedure as that for greenbody compressive strength.
The effects of reducing agents on the compressive strength of the investments were statistically analyzed using ANOVA and Tukey's multiple comparison.
Measurement
of the linear setting expansion and thermal expansion The investments were mixed as described in the aforementioned compressive test. The setting expansion of the investment was measured at two hours after the mixing using a setting expansion tester (B-005-3, Japan Mecc Co. Ltd., Tokyo, Japan) designed for ISO74903~ . Cylindrical specimens (diameter: 20 mm, height: 50 mm) were prepared using a silicone rubber mold.
Two hours after mixing, the linear thermal expansion was measured using a thermal dilatometer for dental investments (A-010, Japan Mecc Co. Ltd., Tokyo, Japan) at 700°C at a heating rate of 5°C/mm, nwith 15 min holding period at 700 °C . Three specimens were tested for both setting and thermal expansion for each of the 26 test conditions. The effects of reducing agents on the linear setting and thermal expansion of the investments were statistically analyzed using ANOVA and Tukey's multiple comparison.
TGA and DTA of the experimental investments Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were carried out using a thermal analyzer (Thermo plus 2, Rigaku Corp., Tokyo, Japan) . A small amount of experimental investment (15-20 mg) was heated under static air from room temperature to 700°C at a heating rate of 5 °C /min, with 15 min holding time at 700 °C . The weight change and heat flow were measured for each investment.
RESULTS
Green-body and burnout compressive strength The green-body and burnout compressive strength of CB and NC investments with different contents of additives were listed in Table 2 . The effects of the reducing agents on the green-body and burnout compressive strength of CB investment were shown in Fig. l and 2 , respectively.
For both of the NC and CB investments, the green-body compressive strength of the B-added investments remained unchanged (P>0.05) ( Fig. 1-a) , while the burnout strength increased significantly (P<0.01) with the increase in B contents ( Fig. 2-a) . Both the green-body and burnout compressive strength of the Al-, Si-and Ti-added investments decreased (P<0.01) with the increase of Linear setting expansion and thermal expansion The setting and thermal expansion of CB and NC investments with different contents of additives were also listed in Table 2 . The setting and thermal expansion curves of CB investments with different additives were shown in Fig. 3 . Only the curves of investments with the highest content of each additive were shown. 
